SUMMARY Exercise ECGs and coronary angiograms were reviewed in 266 patients (81 normals and 185 with significant coronary artery disease). Thirty-three false positive and 96 false negative ST responses to stress testing were purposely chosen to determine if the R wave could reduce the number of false ST responses. R wave amplitude changes were measured in the control and in the immediate postexercise period. An increase or no change in R wave was taken as evidence of an abnormal response, while a decrease in the R wave was EXERCISE STRESS TESTING is undoubtedly one of the most common noninvasive methods for detecting coronary artery disease. However, it is known that stress testing fails to accurately distinguish all cases and because of this some criticism has been directed at the test.' Sensitivity and specificity is dependent on the prevalence of disease in most studies. It has been shown that as the specificity increases the sensitivity decreases, the values also being dependent on the degree of ST depression used to denote disease. McConahay,' using the double Master's test for ST depression of . 0.75 mm, reported a sensitivity of 42% and specificity of 91%, but when he used ST . 1 mm, the sensitivity was 35% and the specificity 100%. Mason et al.,3 using a near-maximal exercise test for ST depression > 0.75 mm, reported a sensitivity of 84% and a specificity of 83%, and when they used ST depression of > 1 mm found the sensitivity to be 78% and the specificity 89%.
904 a normal response. The sensitivity by ST segment was 48% and the specificity was 59%. These values were low because of the large number of false positive and negative ST responses in the study. It was our purpose to determine if these lowered values could be significantly improved by the R wave. Using R wave criteria, the sensitivity was 63% (P < 0.01) while the specificity was 79% (P < 0.01). The sensitivity and specificity of stress testing can be significantly improved using R wave changes.
to 69 (mean 49.2). In the CAD group were 63 males with ages ranging from 37 to 72 (mean 55.8) and 15 females whose ages ranged from 40 to 70 (mean 56.6). The DMI group constituted 53 males with ages from 29 to 66 (mean 51. 3) , and eight females with ages from 40 to 74 (mean 53.6).
The AMI group consisted of 39 males 39 to 74 years of age (mean 53.4) and seven females whose ages ranged from 27 to 64 with a mean of 53.2.
Another group of 53 apparently healthy subjects, 39 males and 14 females, underwent maximal treadmill stress testing for screening evaluation. Their ages ranged from 19 to 38 with a mean of 30. Their history and physical examination revealed no evidence or symptoms of heart disease. These patients were volunteers, with no known risk factors for coronary artery disease, in a Long Beach Heart Association study of risk factors and had not undergone angiography.4
Patients with hypertension, cardiomyopathy, conduction defects, valvular diseases or who had been taking digitalis in the last two weeks, or beta-blockers, diuretics or nitrates within 48 hours were excluded. The interval between the treadmill stress test and coronary angiography ranged from the same day to 4 months with an average of one week.
Treadmill Stress Test
Patients underwent a progressive maximal treadmill stress test (TST) according to the Ellestad protocol5 I using the maximal predicted heart rate as a target end point. Three leads (CM,, a vertical bipolar lead, and a unipolar V1 lead) were monitored continuously and recorded in the sitting position (control) and in the standing position immediately after exercise. The mean difference between the R-wave sitting and standing was 0.5 mm. The R wave control measurement was taken in the sitting position for comparison with ST changes which we routinely measure sitting for the control value. The CM, lead was used for all measurements. ST depression > 1 mm below the resting level 60 msec from the J point if horizontal or downsloping and > 1.5 mm of depression at 80 msec if upsloping, in the immediate postexercise period, was defined as positive (ischemic). R wave amplitude was measured from the isoelectric line to the peak of the R wave in mm for an average of 12 consecutive beats. The average value was used in the study so the respiratory variation, if any, was EXERCISE STRESS TESTING/Bonoris et al.
minimized. An increase in R wave amplitude or no change immediately after exercise was defined as evidence of abnormality, while a decrease in the amplitude was defined as evidence of a normal response. In a previous study,7 we noted that R wave increase correlated with coronary disease while a decrease correlated with no or minimal disease. As the normal patient exercises, tachycardia and catecholamine release result in a reduced left ventricular volume and by the Brody effect a decrease in R wave, while the patient with coronary disease, as exercise progresses and ischemia develops, increases his left ventricular volume and R wave increases. An index (ARST) was formed from the algebraic summation of the R wave and ST-segment changes. ST depression was taken as a positive value. The R wave was taken as positive if there was an increase and negative if a decrease ( fig. 1 ). An index of 0 or a positive value was taken to represent abnormality, while a negative index was taken as evidence of a normal response.
Treadmill stress tests were evaluated in each group using three criteria: ST depression, change in R wave amplitude, and the index (,ARST). Specificity and sensitivity for each criteria were determined and compared each with the other criteria. Specificity and sensitivity in each criteria were compared to determine if the index or the R wave changes could significantly reduce the number of false positive and negative responses by ST criteria. The numbers of false positive and negative responses were purposely large numbers and therefore resulted in a low sensitivity and specificity. However, it was our purpose to see if these lowered values could be improved by the R wave or index.
Heart Catheterization Left and right heart catheterization and coronary angiography were performed using the Sones or Judkins technique. Coronary angiography was performed on 35 mm film with multiple views. Left ventricular angiography was performed in the RAO position. Occlusion of 70% or more of luminal diameter in one or more coronary arteries was defined as significant, while normal coronary angiograms were defined as no occlusion or less than 30% cross sectional narrowing. Patients with obstruction of 31% to 69% were arbitrarily excluded from the study. Coronary arteries were divided into branches according to the reporting system of the American Heart Association.8 The coronary anatomy was examined by two independent observers without knowledge of the treadmill stress test and any discrepancies were resolved by a third observer.
Results

Angiographically Normal Group
Treadmill Stress Test
The ST segments were normal in 48 (59%) and positive in 33 (4 1 %) of the 81 patients with normal coronary anatomy. The high incidence of false positives was due to patient selection as noted previously. The R wave increased in 14 (17%) by 3.6 mm ± 0.9 SEM. Three (4%) showed no change and 64 (79%) showed a decrease of 3.45 + 0.25 mm ( fig. 2 ). These differences in the R wave amplitude were significant No 5, MAY 1978 (P < 0.01). The index (ARST) was negative in 57 (70%) and in 24 (30%) of the patients was 0 or positive. Thus, of the 81 patients with normal coronary anatomy, 59% had a negative test and 41% were false positives by ST criteria. Evaluation by changes in R wave amplitude revealed 64 (79%) had a true negative test and 17 (21%) had a false positive one. By using ARST as a criterion, 57 (70%) had a negative index (true negative test) and 24 (30%) had an index of 0 or a positive value (false positive test) ( fig. 3 and 4) .
The R wave was more specific than the ST segment (P < 0.01) or index (P < 0.05) in detecting normal subjects. The index, although not significantly different from the ST, still gave better results.
Ventricular Function
Although all patients had normal coronary arteries, it is very interesting that eleven (65%) of the seventeen with increased or no change in R wave amplitude had segmental abnormalities in the left ventriculogram and five of them had significant ST-segment depression.
CAD Group
Treadmill Stress Test There were 78 patients in this group. Of these, 44 (57%) were true positives by ST criteria and the remaining 34 (43%) were negatives. The R wave increased in 46 (59%) by + 2.98 ± 0.41 mm, remained the same in 7 (9%), and fig. 2 ). All these differences were significant (P < 0.01).
The index was 0 or positive in 59 (76%) patients and negative in 19 (24%). Thus, the sensitivity by ST-was 57%, by R 68%, and by ZXRST 76% ( fig. 3 ).
Severity of Disease
Of the 46 patients with an increase in R wave amplitude, 10 (22%) had single vessel disease, 17 (37%) had two vessel disease and 19 (41%) had three vessel disease. Of the 25 patients with a decrease in R wave amplitude, 10 (40%) had single vessel disease, 10 (40%) had two vessel disease and five (20%) had three vessel disease. Out of seven patients with no change in the R wave, five (71%) had two vessel disease, and two (29%) had three vessels with significant cross-sectional narrowing ( (TP), andfalse negative (FN) by three criteria in the normal and in the overall diseased group. The sensitivity was higher by R and increased more by ARST. The R wave was more specific than the ARST, which was more sensitive. The ST was significantly less sensitive and specific when compared to the other two criteria. (36%) by -2.28 ± 0.31 mm (P < 0.01). In seven patients (I %) the R wave did not change ( fig. 2 ). The index (ARST) was 0 or positive in 41 (67%) patients and negative in the remaining 20 (33%) of the 61 patients. Thus, the sensitivity in patients with diaphragmatic infarction was 48% by ST criteria, 64% by R, and 67% by ARST. The false negative responders were 52% using the ST, and 36% using the R wave amplitude. The index in this group was again more sensitive with a false negative incidence of 33% ( fig. 3 ).
Of the 32 patients with an increase in R wave amplitude, three (9%) had single vessel disease, 13 (40%) had two diseased vessels, and 16 (50%) had three vessel disease. Of the 22 with a decrease in R wave amplitude, seven (32%) had single vessel disease, 10 (45%) had two vessel disease and five (23%) had three diseased vessels. Out of seven with no change in R wave, three (43%) had two and four (57%) had three vessel disease ( fig. 3) .
The distribution of the diseased vessels in this group was as follows: Of the 15 with increase in R wave, two (13%) had single vessel disease, six (40%) had two and seven (47%) had three vessels with significant disease. Of the 22 with decrease in R wave, seven (32%) had single vessel disease, seven (32%) had two, and eight (36%) had three vessel disease. Finally, of the nine patients with no changes in the R wave, two (22%) had single, five (56%) had two, and two (22%) had three vessels with significant obstruction (table 1).
All Patients with Coronary Artery Disease
This group included all 185 patients with coronary artery disease with or without a previous infarction. Of these, 89 (48%) had a true positive and 96 (52%) a false negative exercise ECG according to the ST pattern. Using the R wave amplitude changes, 116 (63%) were true positives (P < 0.01) and 69 (37%) were false negatives. The sensitivity increased when the index (AvRST) was used for the interpretation. Thus, 127 (69%) of the 185 patients were classified correctly (P < 0.01) and only 58 (31%) patients were found to have a false negative exercise ECG (fig. 4) . The index was more sensitive than ST and R (P < 0.01).
Severity of Disease
Of the 93 patients with increase in R wave, 15 (16%) had single vessel disease, 32 (34%) had two, and 42 (45%) had three diseased vessels. Of the 69 with a decrease in R wave, 24 (35%) had single vessel disease, 27 (39%) had two, and 18 (26%) had three significantly occluded vessels. Out of 23 with no change in R wave, two (9%) had one, 13 (56%) had two, and eight (35%) had three vessel disease ( The fact that CM, may explore primarily the anterior wall can be a cause for a false negative exercise ECG in patients with previous anterior infarction and disease in the vessels nourishing the anterior wall only. Had we used ischemic changes in the other leads recorded, we would expect a 5 to 10% increase in sensitivity.
The sensitivity, measured by ST-segment depression and the presence of false negative responders, depends on the severity of the disease" 1", 15 so patients with single vessel disease are commonly false negatives. Our data support this concept, but the changes in the R wave consistently correlate better with the angiograms than does the ST-segment depression. The number of false positive patients, based on ST segments, in this study was 33 (41%) of 81 with normal coronary arteries. We believe the inclusion of a large group of known false positives provides the opportunity to rigorously test the R wave criteria. Analysis of changes in the R wave amplitude make it possible to increase the specificity from 59% to 79%, and the sensitivity as follows: in the CAD group from 57% to 68%, in the DMI group from 48% to 64%, and in the AMI group from 35% to 52%, and finally in all patients with coronary artery disease from 48% to 63%. Using the index (ARST), the specificity was 70%, which is somewhat lower than by R wave but higher than found using the ST segment. The sensitivity was 76%, 67%, and 59% for CAD, DMI, and AMI, respectively, and 69% for the overall diseased group.
As table 3 shows, 25% of the patients with ST depression had a decreased R wave amplitude, which according to our criteria should represent a negative stress test. On the other hand, 51% of the patients with no ST depression but with disease (false negatives) had an increase in R wave amplitude, a finding which would suggest disease. Fourteen percent of the normals without ST depression had an increase in R wave, while 25% of the patients with coronary disease and ST depression had a decrease in R wave. These discrepancies can be reduced by the index (ARST), but eventually the combination of these findings with other coexisting signs and symptoms will play the most important role.4 Prospective studies are needed to resolve these differences before R wave criteria can be clinically implemented.
Mechanism of R Wave Change Brody"6 postulated that the intracavitary blood mass influences the QRS complex. This has been documented by others in experiments with animals, by mathematical calculations, and by experimental models.'7-22 It would appear that under the sympathetic drive of exercise both systolic and diastolic volume progressively decrease even though stroke volume is maintained. The failure of the ischemic ventricle to decrease its volume during strenuous exercise"-" seems to be responsible for the absence of the usual reduction of the R wave amplitude. In a previous study, an increase in R wave correlated with more severe disease and more severe segmental abnormalities in the left ventriculogram.7 Consequently, in this study an increase or no change in R wave was taken to indicate coronary disease while a decrease in R wave was taken as a normal response to exercise stress testing. This tends to be supported in our young normal subjects in whom 90% had the expected reduction in the R wave.
Although current evaluation of an exercise ECG is usually primarily based upon the ST-segment changes, other factors can affect the interpretation. These include angina during the test, presence of angina in the history, premature ventricular contractions or other arrhythmias during the test, duration of the test, hypotensive response to exercise, maximal systolic blood pressure, resting ECG, time of onset of the ST depression, heart rate response to exercise,26-3 and others. Ellestad4 showed that using multivariate analysis, these findings and symptoms increase the percentage of correct interpretation. The addition of these two new criteria may also be useful in the above method. The ability to identify 79% of those with normal coronary arteries is especially encouraging in view of the large group of false positives included in this patient sample. By using R wave amplitude changes and the index (ARST), the specificity increased by 20% and 1 1%, respectively. The sensitivity increased in the overall diseased group by 15% and 21%.
The preliminary studies are encouraging, but it remains to be demonstrated how much these criteria will improve the predictive power of the exercise stress test when they are applied to other patient cohorts.
Although statistically significantly better than STsegment depression alone, the R wave and index criteria still leave a considerable number of false positive and false negative responders. 
